The auditory cortex (AC) sends long-range projections to virtually all subcortical 27 structures important for hearing. One of the largest and most complex of these -28 the projection between AC and inferior colliculus (IC, the corticocollicular 29 pathway) -has attracted attention due to its potential to alter IC response 30
Introduction 46
The central auditory system consists of a series of brainstem, midbrain and 47 thalamic nuclei, and neocortical regions. The classical ascending central auditory 48 pathway begins with the cochlear nucleus (CN), from which the information about 49 sound reaches the superior olivary complex (SOC), followed by the nuclei of the 50 lateral lemniscus (NLL), the inferior colliculus (IC), the medial geniculate body of 51 the thalamus (MGB), and, finally, the auditory cortex (AC) ( One key set of questions regarding layer 5 and layer 6 corticocollicular 90 projections is whether they originate from different regions of the cortex or 91 terminate differentially in the IC. Early neuroanatomical experiments described 92 regional distributions of layer 5 corticocollicular neurons with respect to the IC, 93 but used insensitive retrograde tracers that did not label the layer 6 pathway 94 (Herbert, Aschoff et al. 1991) . 95
96
In the present study, using sensitive tracers and molecular tools to separate layer 97 5 from layer 6 projections as well as in vivo imaging to identify cortical regions, 98 the distributions and cortical regions of origin of layer 5 and layer 6 99 corticocollicular neurons in the mouse were examined. Substantial heterogeneity 100 and a regional non-overlap between the corticocollicular neurons arising from the 101 two layers was found. Layer 5 corticocollicular neurons were concentrated over a 102 smaller area of the mouse AC, largely confined to its primary regions, while the 103 areal distribution of layer 6 corticocollicular neurons was wider, extending beyond 104 non-primary mouse AC regions and into non-auditory regions. Such 105 neuroanatomical organization may partially explain the functional heterogeneity 106 observed in in vivo studies of the corticocollicular system, and provides a 107 foundation for forming and testing future hypotheses about this descending 108 projection system. 109
110

Materials and Methods 111
Animal preparations and surgical procedures 112
All surgical procedures were approved by the Institutional Animal Care and Use 113
Committee at the University of Illinois at Urbana-Champaign. Mice were housed 114 in animal care facilities approved by the American Association for Accreditation 115 of Laboratory Animal Care (AAALAC). Every attempt was made to minimize the 116 number of animals used and to reduce suffering at all stages of the experiments. 117
For anatomical experiments and reconstructions, adult (60-90 days) and young 118 adult (45-60 days) BALB/c mice of both sexes were used. Animals were 119 anesthetized with ketamine hydrochloride (100 mg/kg) and xylazine (3 mg/kg) 120 intraperitoneally and placed in a stereotaxic apparatus (David Kopf Instruments, 121 Tujunga, CA). Aseptic conditions were maintained throughout the surgery. 122
Fluorogold (Fluorochrome, LLC, Denver, CO) was either pressure-injected, or 123 injected into the IC via iontophoresis. For pressure injections, Fluorogold was 124 dissolved (1%) in distilled water and 500 nL was pressure-injected into the left IC 125 using glass pipettes with 10-14 μm in diameter. For iontophoretic injections, 126
Fluorogold was dissolved in acetate buffer (0.1 M) at pH 3.4, and injected into the 127 left IC using iontophoresis through a 20 μm tip diameter broken glass electrode 128 for 10-15 minutes at 10 μA positive current, with 7 s on 7 s off (50% duty cycle). 129
These protocols resulted in large unilateral injections into the left IC. 130
For in vivo imaging experiments (see details below) and reconstructions, 131
C57BL6J-Tg(Thy1-GCaMP6s)GP4.3DkimJ mice were purchased from Jackson 132 Laboratories, bred as heterozygous in the local animal facility. Prior to the 133 experiments, mice were genotyped for the presence of Tg(Thy1-GCaMP) 134 transgene (forward PCR primer CAT CAG TGC AGC AGA GCT TC, reverse 135 PCR primer CAG CGT ATC CAC ATA GCG TA). Before the start of the surgery 136 to prepare mice for imaging, mice were anesthetized with a mixture of ketamine and xylazine (100 mg/kg and 3 mg/kg respectively) delivered intraperitoneally 138 using a 27-gauge needle, following by an intraperitoneal injection of 139 acepromazine (2-3 mg/kg). A skin incision over the dorsal portion of the skull was 140 made, after which the skull was exposed. The dorsal surface of the skull was 141 roughened using a small surgical drill bit. The area was cleaned of any remaining 142 bone pellets, and a small aluminum bolt of 1 cm in length was secured to the 143 surface using dental cement (3M ESPE KETAC). When the cement is set, the 144 animal was carried into a dark sound-proof chamber for imaging. Proper care 145 was taken to maintain body temperature within the range of 35.5 to 37 o C during 146 imaging using a DC temperature controller (FHC, ME, USA) and a rectal 147 thermometer probe. 148 149 Upon the completion of each imaging session, Fluorogold was injected into the 150 left IC of these mice, as above. Three fiducial markers were created by 151 iontophoresis of small amounts of tetramethylrhodamine 10,000 MW dissolved in 152 PBS (Invitrogen, Grand Island, NY) into the cortical regions outside the AC. The 153 iontophoretic injections were done using unbroken glass electrode (tip size ~ 0.5 154 μm) with 5-μA positive current and 7 s 50% duty cycle, for 4 minutes. Using the 155 same settings as during in vivo imaging, a micrograph of the skull surface and 156 vasculature was taken to aid in co-registration of functional maps with the 157 reconstructions in Neurolucida later. Following the imaging experiment and the 158 surgery, animals were allowed to survive for 7 days, after which the brain tissue was processed according to a standard histological protocol described further Figure 3 ). To 315 quantify these differences in distributions, the widths and peaks of the distribution 316 for layers 5 and 6 within each animal (n = 10) were then compared. 317
318
The cell counts for each layer and each animal were collapsed in rostrocaudal 319 and dorsoventral axes to obtain two distributions (Figure 4 A and B ). Along the 320 dorsoventral axis, the average full-width at half maximum for layer 5 was 824.6 321 μm (SD = 57,5 μm) and 929.0 μm (SD = 92.1 μm) for layer 6 (n = 10, p-value = 322 0.0059, Wilcoxon signed rank test; Figure 4C ). Along the rostrocaudal axis, the 323 mean value of full-width at half maximum for layer 5 was 1286.8 μm (SD = 131.9 324 μm), and 1473.7 μm (SD = 161.9 μm) for layer 6 (n = 10, p-value = 0.0020, 325 Wilcoxon signed rank test; Figure 4D ). Thus, it appears that layer 6 326 corticocollicular neurons occupy a significantly broader area in the cortex than 327 layer 5, suggesting that these layer 6 neurons may route distinct forms of 328 information from cortical areas surrounding the primary AC to the IC. In addition, 329 the peak of layer 5 corticocollicular cells was found to be displaced by 99.9 μm 330 dorsally and 425.25 μm caudally relative to layer 6 corticocollicular cells, (n = 10, 331 p-value = 0.0020, Wilcoxon signed rank test; Figure 4E ), which aligns the peak of 332 the of the layer 5 corticocollicular distribution with the center of the lemniscal AC 333 areas. 334 335 Given the global anatomical differences between layer 5 and 6 corticocollicular 336 neuronal distributions described above, we asked whether some of the more 337 rostrally-and ventrally-located layer 6 corticocollicular cells were in acoustically-338 responsive zones. To answer this question, the left AC in GCaMP6s-Thy1 339 but not red-only layer 6 (two-sample Kolmogorov-Smirnov test, p-value = 5.032e-409 13). The overall distributions of size or number of layer 5 and 6 terminals did not 410 vary significantly in the LCIC (two-sample Kolmogorov-Smirnov test, p-value = 411 0.29), or the DCIC (two-sample Kolmogorov-Smirnov test, p-value = 0.062). The 412 layer 5 corticocollicular terminals in the CNIC also showed an axosomatic 413 innervation pattern (Figure 9 B) , which was supported by repeating this injection 414 of AVV's in a different Rpb4-positive mouse and immunostaining for neuronal 415 marker NeuN (Figure 10) . 416
417
To determine the specific distribution of layer 6 corticocollicular terminals, a Cre-418 OFF virus was injected into the primary AC of mice expressing Cre-recombinase 419 in both Rbp4+ and CLGT+ cells in layer 5. Expression of the virus was seen in 420 layer 6 of the AC ( Figure 11A ) and in the medial geniculate body ( Figure 11B) . In 421 the IC, there was label seen in the most superficial portions of the rostral lateral 422 cortex ( Figures 11C and D) . 423 424 Discussion 425
In this study, it was shown that the distributions of layer 5 and layer 6 426 corticocollicular neurons are partially but significantly non-overlapping with 427 respect to each other and the cortical areas from which they originate. In 428 particular, it was found that the IC receives heavy input from layer 6 from a 429 cortical region rostral and ventral to the lemniscal AC, as indicated by staining for 430 PV and SMI32. The peaks and widths varied for layer 5 and layer 6 431 corticocollicular neuronal distributions. Layer 6 corticocollicular neurons 432 encompassed a broader area of the cortex than layer 5, and its peak shifted 433 more rostrally and ventrally compared to layer 5. This organization implies that 434 different cortical areas may modulate the IC either through layer 6 435 corticocollicular neurons or both layers 5 and 6. 436 437 Layer 5 and layer 6 corticocollicular neurons appear to be differentially distributed 438 with respect to functionally mapped areas of the AC. More specifically, an area of 439 the cerebral cortex located rostrally and ventrally to the mouse AC contains layer 440 6 but not layer 5 corticocollicular neurons. This cortical region does not respond 441 to sound stimuli such as pure tones of different frequencies, neither is it 442 responsive to more ethologically relevant sounds such as species-specific calls. 443
It is possible that imaging the AC in awake animals may have elicited 444 acoustically-driven responses from this region. However, the maps elicited in the 445 current study are similar to the distributions of acoustically-responsive areas 446 seen in previous studies in awake animals. In the current study, four regions of 447 the mouse AC could be distinguished based on their responses to pure tones. A1 448 and AAF were tonotopically organized consistent with previous reports (Stiebler, 449 Neulist 
